Kidneys of Alb/TGF-
Chronic kidney disease is characterised by refractory inflammation and fibrosis, which often lead to a progressive decline in renal function and the potential need for renal replacement therapy [1] . Retinoids, including vitamin A and its metabolites especially all-trans retinoic acid (tRA), have been shown to prevent both inflammatory injury and fibrotic lesions in various experimental chronic kidney diseases [2] . Although a reduction in fibrosis might be due to suppression of inflammation, often the inciting trigger for fibrosis, we hypothesised that retinoids may also have inflammation-independent antifibrotic effects, by directly inhibiting the production of extracellular ma-Xu /Hendry /Maden /Lu /Wong /Rankin / Noor /Kopp Nephron Exp Nephrol 2010;114:e127-e132 e128 trices (ECM) and/or by inhibiting the profibrotic transforming growth factor-␤ 1 (TGF-␤ 1 ) pathway. The hypothesis is supported by reports that retinoids suppressed ECM expression in cultured renal mesangial cells, skin and lung fibroblasts and hepatic stellate cells [3] [4] [5] [6] , as well as in the cardiovascular system in vivo [7] . Furthermore, retinoids antagonised angiotensin II-induced TGF-␤ 1 expression in smooth muscle cells, TGF-␤ 1 -induced gene transcription in lung fibroblasts, and TGF-␤ 1 -induced differentiation of HL-60 leukemic cells into monocytes [8] [9] [10] . On the other hand, however, retinoids were also reported to stimulate the basal expression of collagens in chondrocytes and lung epithelial cells [11, 12] , synergise with TGF-␤ 1 in lung epithelial cells [13] , induce collagen expression in diabetic skin and in skin cells exposed to ultraviolet radiation or subjected to growth inhibition [14] [15] [16] , and induce collagen expression in hepatic stellate cells by activating TGF-␤ 1 [17, 18] , all of which argue against the hypothesis.
In this study, we used Alb/TGF-␤ 1 transgenic (TG) mice, an animal model of glomerulosclerosis and interstitial fibrosis without substantial inflammation [19, 20] , to test our hypothesis by measuring the effects of different doses of exogenous tRA on glomerulosclerosis, tubulointerstitial fibrosis, renal function as well as mRNA expression of a key tRA-synthesising enzyme and molecular markers of fibrogenesis.
Materials and Methods

High-Performance Liquid Chromatography (HPLC) Analysis of Retinoids
Kidneys and livers were collected, snap-frozen in liquid nitrogen and stored at -80 ° C. Both kidneys from the same mouse and individual livers were analysed in each HPLC assay. Tissues were homogenised in 1 ml ice-cold stabilising solution, which is phosphate-buffered saline plus trisodium salt of ethylenediaminetetraacetic acid containing 5 mg/ml ascorbic acid (pH 7.3), and the tissue suspension extracted twice with 2 volumes of methyl acetate:ethyl acetate, 1: 8 (with butylated hydroxytoluene as an antioxidant). The extract was dried down over nitrogen, resuspended in 100 l methanol, centrifuged at high speed to remove any particulate matter and placed in autosampler vials for HPLC analysis. Reverse-phase HPLC was performed using a Beckman system Gold Hardware (Beckman Coulter UK Ltd., High Wycombe, UK) with a photodiode array detector and a 5-m C18 LiChroCART column (Merck Chemicals Ltd., Poole, UK) with an equivalent precolumn. The mobile phases used were as previously described [21] , which allow a good separation of the retinoic acids and retinols. The flow rate was 1.5 ml/min using a gradient of acetonitrile/ammonium acetate (15 m M , pH 6.5) from 40 to 67% acetonitrile for 35 min followed by 100% acetonitrile for a further 25 min. Individual retinoids were identified according to their UV absorption spectra. Each experiment was repeated at least 5 times.
tRA Treatment of Alb/TGF-␤ 1 Transgenic TG Mice Line 25 Alb/TGF-␤ 1 mice, all of which are male, were established and characterised as previously described [19, 20] . Male C57BL/6J ! CBA F1 mice were used as wild-type (WT) controls. All animal studies were performed according to the National Institutes of Health guidelines.
The TG mice were randomly divided into 4 groups. Threeweek slow-release pellets containing 0, 0.79, 1.58 and 2.36 mg of tRA (Innovative Research of America, Sarasota, Fla., USA) [22, 23] were implanted subcutaneously at 1 week of age, when the TG mice grow normally. Renal histological abnormality was not detected, although renal expression of collagen types I and III (COL1 and COL3) mRNAs has already increased at this stage [20] . Based on the starting body weight, these pellets generated 4 starting dose ranges: (1) G0 (placebo pellets; 0 mg/kg/day tRA); (2) G1 (low doses, 6-10.7 mg/kg/day); (3) G2 (medium doses, 12.7-18.8 mg/ kg/day), and (4) G3 (high doses, 20.1-27.4 mg/kg/day). WT male mice treated with placebo pellets (n = 3/group) were used as controls and all mice were sacrificed at 3 weeks of age. At the end of the study, serum and urine were collected and kidney tissue was harvested for histological examination or stored in RNAlater (Applied Biosystems, St. Austin, Tex., USA) for RNA analysis.
Serum creatinine (Scr) concentrations were measured using a simplified HPLC method [24] . Urine albumin/creatinine ratio was analysed using the mouse albumin enzyme-linked immunosorbent assay kit (Bethyl Laboratories, Montgomery, Tex., USA) and a creatinine assay kit (Exocell Inc., Philadelphia, Pa., USA).
Masson's trichrome staining sections were scored in a blinded manner by a renal pathologist using the following 2 criteria: (i) Glomerulosclerosis score: 0 = no blue stain in the glomerulus; 0.5 = trace stain; 1 = segmental blue stain occupying ! 25% tuft area; 2 = segmental blue stain occupying 25-50% tuft area; 3 = extensive stain occupying 1 50% tuft area and with some patent capillary loops, and 4 = obsolescent glomeruli. Twenty randomly selected glomeruli from the left kidney and 20 glomeruli from the right kidney were scored and the mean score calculated for each mouse. (ii) Interstitial fibrosis score: 0 = normal tissue; 1 = positive stain ! 10% of tubulointerstitium; 2 = positive stain involving 11-20% of tubulointerstitium, and 3 = positive stain 6 21% of tubulointerstitium.
Reverse Transcription Quantitative Polymerase Chain Reaction
Mouse kidney samples were homogenised in Trizol (Invitrogen, Carlsbad, Calif., USA) to extract total RNA, which was then purified using RNAeasy minicolumn and on-column digested with DNase I (Qiagen, Valencia, Calif., USA) and reverse-transcribed into cDNA using SuperScript II RNase H Reverse Transcriptase (Invitrogen). Quantitative PCR was then performed in duplicate. Briefly, cDNA in 9 l water was mixed with 10 l 2 ! TaqMan universal master mix and 1 l custom 20 ! TaqMan primer and probe mix for mouse collagen types I ␣ 1, ␣ 2 and IV ␣ 1 (COL1 A1, COL1 A2, COL4 A1, respectively), fibronectin (FN), connective tissue growth factor (CTGF), retinaldehyde dehydrogenase 2 (RALDH2) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH; order numbers 1906874, 1944518, assay ID Mm99999915, Applied Biosystems). The following PCR conditions were used: 50 ° C for 2 min, 95 ° C for 10 min, followed by 40 cycles at 95 ° C for 15 s and 60 ° C for 1 min. The expression level of each target gene was normalised to GAPDH.
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Statistical Analysis
Data are expressed as mean 8 SD and analysed using the Prism 4.0c software (GraphPad, La Jolla, Calif., USA). An unpaired t test was used to compare 2 groups; Kaplan-Meier survival curve analysis was performed to compare mortality among groups, and a one-way ANOVA non-parametric analysis was used to compare means of multiple groups. p ! 0.05 indicates a statistically significant difference.
Results
As shown in figure 1 , HPLC analysis revealed abundant tRA and a relatively low level of all-trans retinol (tRol) in the kidneys of healthy 3-week-old C57BL/6J ! CBA F1 mice, indicating that retinoids in the kidneys of these young mice were predominantly the active form. and liver ( b ) tissues were subjected to HPLC assay to measure retinoid concentrations. a n = 4 for WT and n = 5 for TG. b n = 8 for WT and n = 7 for TG. , end-of-study glomerulosclerosis (GS) score ( c ), end-of-study Scr ( d ) and urine albumin:creatinine ratio ( e ). Only 8 out of 9 samples were analysed in the G2 group and only 2 in 6 samples were analysed in the G3 group due to animal death and loss of samples in these groups.
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Meanwhile, livers of the same mice demonstrated a much higher level of tRol but no tRA was detected. Interestingly, liver tRol and renal tRA levels were significantly lower in the Alb/TGF-␤ 1 TG mice, although renal tRol remained the same as in WT mice.
To test if early administration of exogenous tRA prevents the development of renal fibrosis in Alb/TGF-␤ 1 mice, the mice were treated with placebo pellets (G0), or pellets releasing low (G1), medium (G2) and high (G3) doses of tRA. Assignment to the G3 group was stopped after 6 animals had been recruited due to a significantly increased mortality ( fig. 2 a) . The cause of the increased mortality is unknown, but it is notable that the 2 surviving G3 mice had the highest glomerulosclerosis and interstitial fibrosis scores ( fig. 2 b, c) , suggesting accelerated renal fibrosis.
G2 was characterised by a significant induction of CTGF and RALDH2 mRNA expression ( fig. 3 a, b) . This was associated with a trend towards increased mortality, glomerulosclerosis and Scr levels ( fig. 2 a, c, d ). As such, we clearly defined G2 and G3 as groups that showed toxic effects of tRA.
In contrast, G1 had a tendency towards a reduction in the average of urinary albumin excretion (45%, fig. 2 e) , as well as renal RALDH2 (55%, fig. 3 b), FN (54%, fig. 3 c) , COL1 A1 (47%, fig. 3 d) , COL1 A2 (46%, fig. 3 e) and COL4 A1 (35%, fig. 3 f) mRNAs compared to G0. Unfortunately, despite these favourable changes of molecular markers of fibrogenesis, glomerulosclerosis and interstitial fibrosis in this group were not prevented and renal function was not successfully preserved compared to group G0 ( fig.  2 b-d) .
In summary, at the doses tested, no net antifibrotic effect of tRA was observed in the kidneys of Alb/TGF-␤ 1 TG mice, although low doses of tRA suppressed selected molecular markers of fibrogenesis. In addition, medium 
A2 ( e ) and COL4 A1 ( f ) was examined by Taqman RT-qPCR and GAPDH was used as a 'house-keeping' gene to normalise gene expression. The average mRNA expression level of 3 WT mice was set as 1; G0 is the vehicle-treated group; G1, G2 and G3 are low, medium and high doses of tRAtreated groups, respectively. Only 8 out of 9 samples were analysed in the G2 group and only 2 in 6 samples were analysed in the G3 group due to animal death and loss of samples in these groups. e131 doses of tRA tend to upregulate these molecular markers and significantly induced renal CTGF and RALDH2 mRNAs compared to low doses. High doses of tRA showed toxicity and a profibrotic effect.
Discussion
We report that tRA is abundant in normal mouse kidneys but is not measurable in kidneys of Alb/TGF-␤ 1 TG mice and that exogenous tRA exerts intricate dose-dependent effects on renal fibrosis, as well as renal CTGF and RALDH2 mRNA expression in Alb/TGF-␤ 1 TG mice.
This study is largely descriptive and does not provide an explanation as to why tRA is depleted from Alb/TGF-␤ 1 kidneys, why fibrosis is not improved by low doses and medium doses of tRA, and why an excess mortality was observed in the high-dose group, but we hope that it will serve as an interesting basis for further studies. We initially hypothesised that systemic administration of pharmaceutical tRA might compensate the loss of renal tRA in Alb/TGF-␤ 1 TG mice; thus, the lack of net benefits and the apparent toxicity of medium and high doses of tRA are indeed disappointing. In agreement with our findings that tRA is abundant in kidneys but not in the liver ( fig. 1 ) , our recent work, through in vivo retinoic acid response element (RARE) activity reporter assays, revealed RARE activity in kidneys but not in the liver. Interestingly, renal RARE activity is only observed in the collecting duct system but not in any parts of the nephron (Wong et al., data not shown). It is thus worthwhile to reconsider the consequence of systemic administration of pharmaceutical tRA, in particular, whether the effects observed are attributable to tRA per se or its metabolites generated following administration and whether systemic delivery of tRA will cause widespread activation of RARE-regulated genes in nephrons and in the liver, where tRA signalling is normally absent, thus leading to adverse consequences.
tRA was previously reported to induce CTGF mRNA expression in human prostate epithelial cells [25] and chondrocytes [26] but suppress CTGF mRNA expression in newt limb blastemal cells [27] . Here, we found that tRA did not significantly suppress CTGF mRNA expression in kidneys of the Alb/TGF-␤ 1 TG mice. Moreover, higher doses of tRA even induced CTGF mRNA expression and this was associated with a diminished suppressive effect of profibrotic molecular markers and a tendency of increased glomerulosclerosis and renal fibrosis. The role of CTGF in the opposing actions of tRA regulating the fibrogenic effects of TGF-␤ 1 awaits further investigation.
Although low-dose tRA tended to suppress ECM gene expression, the effect was abrogated with higher doses of tRA, accompanied by an induction of CTGF and RALDH2, as well as an escalating renal fibrosis and mortality. Of note, high, but not low, concentrations of vitamin A were also previously reported to increase fibrosis in kidney and liver [17, 28] . More recently, Morath et al . [29] also documented similar dose-dependent effects of 13-cis -retinoic acid in a chronic nephritis rat model, with a low dose attenuating, and a higher dose aggravating, glomerulosclerosis. The mechanisms behind the toxic and profibrotic effects of higher doses of retinoids were not fully understood. In our study, the increased toxicity of the higher doses of tRA coincided with a paradoxical increased RALDH2 mRNA expression ( fig. 3 b) . As this gene encodes a key tRA-synthesising enzyme [2] , tRAinduced RALDH2 might lead to conversion of more retinol to tRA resulting in an excessive accumulation of exogenous and endogenous tRA that could contribute towards toxicity and fibrosis.
The dose-dependent, dichotomous effects of retinoids in animal models suggest that it is important to determine the optimum dose range of retinoids in in vivo studies. A clinical trial using 13-cis -retinoic acid and tRA to treat chronic kidney diseases is currently being carried out at the National Institutes of Health. It would be necessary for us to interpret clinical outcomes in the ongoing and future trials in a dose-or even plasma concentrationspecific manner.
In conclusion, the present study has established a change of kidney retinoid profile in Alb/TGF-␤ 1 TG mice compared to WT mice, and a dose-dependent, complex action of exogenous tRA in regulating TGF-␤ 1 -induced renal fibrosis in these TG mice. It highlights the dose-dependent toxicity and profibrotic action of tRA and warrants further studies to dissect the mechanisms of the dual potential of tRA in regulating fibrosis so that unwanted profibrotic effects of tRA can be avoided.
